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ABSTRACT

EFFECTS OF PORTUGUESE MAN-OF-WAR (PHYSALIA PHYSAUS) VENOM ON
ISOLATED RABBIT ATRIA.

by
Wayne R. Bonlie

The cardiac effects of Portuguese man-of-war venom were studied using isolated atria from
rabbits. Venom added (7.1 fig protein/ml) to the bath solution stimulates heart rate 120% (P <
0.01) and increases contraction amplitude 308% (P < 0.001). Both effects are dependent on bath
concentrations of venom and calcium. The increase in contraction amplitude is significantly
attenuated by diltiazem (0.8 fiM) and atenolol (10 fiM). Atenolol, a pi-adrenergic antagonist,
completely blocks the increase in heart rate. Dantrolene (10 fiM) did not significantly block the
venom's effects. Ryanodine binding increases in the presence of venom showing that the venom
is not in competition for calcium channels on the sarcoplasmic reticulum. These results suggest
that the venom acts on the sarcolemma to increase calcium permeability, thereby causing an
increase in contraction amplitude and possibly causing pi-adrenergic stimulation.
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INTRODUCTION
Portuguese man-of-war (Physalia physalts) venom is known to have cardiac effects.
Previous investigators have described the effects of the venom as being qualitatively similar
to the cardiac gycosides (Hastings et al., 1967; Larsen and Lane, 1966) in that it has been
shown to have a positive inotropic effect on isolated perfused rat hearts. The venom also
affects rhythm causing an initial tachycardia followed by bradycardia then arrest in systole
(Larsen and Lane, 1966). The mechanism for these effects remains speculative. An
experiment with another jellyfish venom, Chrysaora quinquecirrha showed a positive
inotropic effect when added to the tissue bath of spontaneously beating guinea pig atria.
This effect was blocked by the addition of verapamil to the bath. Because verapamil is a
calcium channel blocker it was felt that the venom's mechanism of action might be by
increasing calcium conductance through the slow calcium channels (Burnett, etal, 1985).
It is possible that Physalia physalis venom also produces its cardiac effects through an
interaction with calcium fluxes across the sarcolemma.
There is evidence that the venom increases membrane permeability to certain cations
(Larsen, 1985; Larsen and Lane, 1970). The effects of the venom on cardiac tissue that
have been reported could be explained by an increase in calcium influx across the
sarcolemma. Our model predicts that the venom causes increased net influx of calcium
across the sarcolemma. The resulting increase in intracellular calcium causes increased
contractility. The increased influx of calcium should also cause an increase in heart rate due
to a greater rate of slow depolarization at the sinoatrial node. The purpose of this study was
to confirm and characterize the inotropic and chronotropic effects of the venom on isolated
atria and to determine what interaction, if any, the venom has with intracellular and
extracellular calcium.
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METHODS AND MATERIALS
Male rabbits (2-3 kg) were tranquilized with 50 mg/kg ketamine i.m., then anesthe
tized with 25 mg/kg sodium pentobarbitol i.v. The heart was removed and placed in a dish
of aerated (95% 02;5% CO2) Krebs-Henseleit (K-H) solution at room temperature. The
atria were dissected intact from the ventricles and excess tissue trimmed away. Silk sutures
were tied to the apices of each auricle. One suture was tied to a hook, connected to a
micromanipulator, and immersed in a water-jacketed, 25 ml tissue bath. The other suture
was tied to a Grass (model FT 03C) blade force-displacement transducer connected to a
Grass (model 7D) polygraph to record tension and rate. Atria were allowed to beat
spontaneously. After deteimining the relationship between static tension and contraction
amplitude the static tension was set at 1000 mg which produced 85% of maximum resting
contraction amplitude. The atria were allowed to equilibrate for 1 hr to stabilize contractility
and rhythm before beginning the experiment.
The venom was prepared from isolated nematocysts and assayed for hemolytic activity
and protein content as previously described (Tamkun and Hessinger, 1981), except that
20 mM MES buffer (pH 6.25), 5 mM MgCl2 and 140 mM KC1 were used to extract the
venom from the nematocysts. The venom protein causing 20% maximal lysis (Ko.2) of
washed rat erythrocytes was 1.1 ng/ml.
The bath was kept filled with 20 ml of K-H solution (pH 7.4) aerated with the gas
mixture and held at 36° C. Drugs were added directly to the tissue bath by micropipette.
The response to each treatment was allowed to reach its maximum stable effect before the
next treatment was applied. Heart rate was measured to the nearest multiple of 5 beats/min.
Contraction amplitude was measured in mm of deflection on the polygraph and converted
to gm by gravimetric calibration of the force-blade transducer. Between treatments, the
bath medium was exchanged at least twice and the tissue was allowed to return to control
values of force and rhythm.
2
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Dose-response relationships of force and rate to isoproterenol and methacholine were
established first to determine each tissue's normal sympathetic and parasympathetic
responses respectively. The baseline dose-response relationships to calcium were
measured next if the experiment called for any variation of the bath calcium concentration.
The dose-response relationship for venom was then determined for each tissue, by
allowing the tissue to equilibrate for each dose of venom given (5-7 min). The doseresponse for calcium under various venom concentrations was assessed by giving a dose of
venom then measuring the tissue responses under increasing calcium concentrations,
rinsing and repeating the cycle for the next dose of venom.
Dantrolene was added to the bath solution 1 hr and diltiazem was added 20 min prior
to experiments using these blockers. Dantrolene was dissolved in 0.1 N NaOH and titrated
with 0.1 N HC1 to pH 9. Upon addition of the alkaline solution to the K-H solution the pH
remained at 7.4 when bubbled with 95% 02;5% C02 gas mixture (Bailey et al, 1980).
Experiments involving dantrolene or diltiazem were always performed last because the
effects of these substances were difficult to reverse. Each tissue was used for only one
type of blocking experiment.
The experiment involving ryanodine binding was performed by Alan Fairhurst, Ph.D.
at the Department of Pharmacology, University of California at Irvine, with the use of an
isolated rat sarcoplasmic reticulum (SR) preparation. Venom was added as a pretreatment
to incubation with ryanodine and then binding assays were performed as has been
previously described (Michalak etal, 1988).
The following drugs were used: isoproterenol HC1, acetyl-p-methylcholine chloride,
atenolol and diltiazem HC1 from Sigma Chemical Corp., St. Louis, MO., dantrolene-Na
from Norwich-Eaton Pharmaceuticals, Norwich, NY.
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Statistical significance was determined by: linear regression, two way analysis of
variance (ANOVA), Duncan’s New Multiple Range test and Student's T-test (Dixon and
Massey, 1969).

RESULTS
The venom (7.1 |ig protein/ml) increased contraction amplitude significandy
(P < 0.05) to 308% of control when bath calcium was 2.5 mM (Fig. la). The response
was dose related (P < 0.001) and became significantly greater than control at doses above
1.0 |ig protein/ml (P < 0.05). It also increased heart rate significantly (P < 0.05) in a dose
related fashion (P < 0.001) to 120% of control under the same conditions with the response
reaching values greater than control at a venom doses greater than 1.0 jig protein/ml
(Fig. lb).
These venom-induced effects were dependent on the calcium concentration in the bath
(Fig. 2a,b). Adding calcium to the bath medium directly increased contraction amplitude
and heart rate. When venom was added as a treatment, the tissue's response to calcium
was increased and was directly related to the dose of venom within the range tested. At
low calcium concentrations (0.5 mM) the venom produced no discemable effect in
contraction amplitude or heart rate. Between the range of 2.5 to 8.5 mM calcium the
venom caused increases in contraction amplitude that were dose related and significantly
greater than control (P < 0.05). The venom also caused increased heart rate but the
increase was only significant at the highest venom dose tested (5.7 pg protein/ml) at
calcium concentrations 2.5 and 4.5 mM. The increase in heart rate was not significantly
greater than control when the calcium concentration was 8.5 mM.
When voltage dependant calcium channels of the sarcolemma were blocked with
diltiazem (0.8 pM), the venom’s (2.1 pg protein/ml, ED70) effect on contraction amplitude
was not significantly different from control. When compared with the response of
unmatched controls to the same dose of venom alone, this attenuation caused by diltiazem
was significant (P< 0.05, Fig. 3). When the calcium concentration in the bath solution was
increased to 6.5 mM with the same diltiazem block in place, adding venom caused a
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significant increase (P < 0.05) and the response was not significantly different from
unblocked controls.
Blocking calcium release channels of the sarcoplasmic reticulum with dantrolene
(lOpM) did not significandy attenuate the venom's (2.1 jig protein/ml) effect on contrac
tion amplitude (Fig. 3). The response to venom with dantrolene blockade in place was
significantly greater than control at both 2.5 mM (P = 0.009) and 6.5 mM calcium
(P = 0.022). An assay of ryanodine binding to sarcoplasmic reticulum channels in the
presence of venom showed an increase in ryanodine binding (P < 0.05, n = 3) that was
dependant on the venom concentration (Fig. 4).
Blocking p[-adrenergic receptors with atenolol (1 jiM) attenuated the increase in
contraction amplitude caused by an ED7o of venom, but the response was still significantly
greater (P = 0.05) than control (Fig. 5a). Raising the concentration of atenolol to IOjiM
produced further attenuation to levels not significantly different from control (P > 0.05).
The increase in heart rate caused by an ED70 of venom was decreased 1 pM by atenolol so
that it was not significantly different from control (P < 0.01) Increasing the atenolol
concentration to 10 pM did not cause further significant attenuation (P = 0.01, Fig. 5b).

DISCUSSION
These experiments were conducted to characterize the cardiac effects of Portuguese
man-of-war venom and to try to determine its interaction with calcium. The results show
conclusively that in isolated rabbit atria the venom will cause a dose related increase in both
heart rate and contraction amplitude. The venom has also been shown to increase the
contractile activity of chick myocardial cells in culture (Luo, personal communication).
The results from these experiments do not reflect the maximum response obtainable by
venom. We previously determined that high concentrations of venom tend to make the
tissue susceptible to irreversible arrythmias, therefore the venom concentration was kept at
submaximal concentrations to maintain tissue viability. This is consistent with the
literature showing ECG disturbances in rats that were given increasing doses of venom.
Larsen and Lane (1966) observed that in anesthetized rats given increasing doses of venom
the Q-T interval lengthened, reflecting slowed repolarization. This was followed by
shortened P-R intervals indicating accelerated A-V conduction. They finally observed
inverted and doubled P-waves indicating A-V block with retrograde transmission or
possible ectopic pacemakers. We did not use the ECG, but the rhythm disturbances that
we observed appeared grossly consistant with those described by Larsen and Lane (1966).
That the venom produces a positive inotropic and chronotropic effect in response to
increasing extracellular calcium indicates a calcium mediated mechanism. It should be
noted that the level of calcium in our standard K-H solution is 2.5 mM, so that in these
experiments calcium concentration is higher than physiologic. The presence of venom did
not effect the rate or contraction amplitude when the calcium level was low (0.5 mM), but
increased the effect of a given dose of calcium between the range of 2.5 to 4.5 mM in a
dose-dependant manner. At high doses of extracellular calcium (8.5 mM) the differences in
heart rate between venom and control were not significant although the contraction
amplitude continued to increase. The significance of this is not clear. One possible
7
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explanation might be that the venom caused a slowing of the electrical repolarization phase
as was seen on rat ECG (Larsen and Lane, 1966). This would increase the refractory
period before the next depolarization, limiting the increase in heart rate. Because the venom
is also known to affect other ion permeabilities in other membranes (Larsen, 1985; Larsen
and Lane, 1970), there may also be interaction with other ion fluxes such as Na+ and K+
that could affect the rate of depolarization at the S A node. The contraction amplitude could
continue to increase due to the increased availability of calcium as was observed.
Verapamil, a blocker of L-type slow calcium channels, has been shown to prolong
survival in mice injected with lethal doses of Physalia physails venom i.v. (Burnett et al,
1985). In another experiment that was part of the same study, the venom of the jellyfish
Chrysaora quinquecirrha was added to tissue bath of spontaneously beating guinea pig
atria. The venom caused a positive inotropic effect to 219% of control that was reduced to
104% of control upon the addition of verapamil to the bath solution (Burnett et al, 1985).
Because verapamil blocked the positive inotropic effect caused by Chrysaora quinquecirrha
venom., the venom may be acting on calcium channels, increasing entry of extracellular
calcium into the cardiac muscle cells. Evidence of interaction between Physalia physalis
venom and calcium comes from a study showing that Ca45 uptake into cultured chick
myocardial cells increased significantly in the presence of venom (Luo, personal commu
nication) indicating that a similar mechanism may exist between the two jellyfish venoms.
Our experiments with diltiazem were conducted to determine whether the venom acts on
L-type slow calcium channels, increasing the net influx of calcium. We used diltiazem
instead of verapamil because diltiazem is felt to have less negative inotropic effects on the
myocardium (Opie, 1987). The results show that the venom-induced increase in contrac
tion amplitude was blocked by diltiazem when calcium concentration was 2.5 mM. This
supports the hypothesis that the venom interacts at the calcium channels. The same dose of
diltiazem did not significantly attenuate the response to venom when the calcium concentra-
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tion was raised to 6.5 mM. Because the venom has been shown to increase membrane
permeability to cations (Larsen, 1985; Larsen and Lane, 1970) it is possible that the venom
was increasing the permeability of the sarcolemma to calcium in a nonspecific manner in
addition to an effect on the L-type calcium channels. This increase in permeability might
only become significant in the event of high calcium concentrations. Another possibility is
that the venom's interaction at the calcium channel is enhanced by high calcium concentra
tion, making it more competitive with diltiazem at this site.
Dantrolene inhibits release of calcium from the sarcoplasmic reticulum (Van Winkle,
1976), the main source of intracellular calcium for muscle contraction. If the venom were
acting by facilitating the release of intracellular calcium through the calcium release channels
in the sarcoplasmic reticulum, dantrolene should have opposed the effect. Our results
show that the venom was able to produce a significant increase in contraction amplitude at
both 2.5 and 6.5 mM calcium when dantrolene (10 |iM) was present. The increase caused
by the venom was not significantly different than the response of unblocked controls. This
lack of inhibition makes it unlikely that the site of the venom's action is at the calcium
release channels of the sarcoplasmic reticulum. Corroborating these results is a study on
ryanodine binding. Ryanodine is not a blocker but binds selectively to calcium release
channels of the sarcoplasmic reticulum and can be assayed for binding activity (Michalak
et al, 1988). If the venom were binding to the calcium release channel there should be
competition for that site. The study showed that venom added to an isolated rat SR
preparation increased ryanodine binding slightly, suggesting that the venom is not in
competition with ryanodine for this site. The primary effect of the venom does not appear
act directly on the calcium release channels of the SR, although this does not rule out action
at another site on the SR. The venom has previously been shown to block reuptake of
calcium into the SR of skeletal muscle (Calton and Burnett, 1973) but the mechanism is

10
undetermined. Intracellular calcium concentration could be raised by blocking reuptake,
creating greater developed tension and would still be consistent with our results.
The results with pj-adrenergic blockade by atenolol suggest that the venom has an
additional mechanism of action. The block of both chronotropic and inotropic effects at
normal calcium concentration suggest that adrenergic stimulation is responsible for at least
part of the inotropic effect, but may be responsible for all of the chronotropic effect induced
by the venom. Catecholamines are known to increase the calcium influx through the L-type
calcium channels during the action potential (Katz, 1977; Reuter, 1987). The channel
proteins are phosphorylated through the cyclic AMP pathway and this increases the
probability of the channel opening, allowing for a greater influx of calcium. The venom's
interaction with the L-type calcium channels may be mediated or potentiated by this
mechanism.
The evidence that the venom evokes an adrenergic response leads to the question of the
mechanism. If blocking the pj-adrenergic receptors blocks the response to the venom then
the venom must either activate the receptors directly or it must liberate stored catecholamine
to activate the receptors. A third possibility is that the venom potentiates the cells response
to the basal level of adrenergic stimulation already present. Because there is evidence that
the venom increases the permeability of cell membranes to cations (Larsen, 1985; Larsen
and Lane, 1970) we feel that the adrenergic effect may be caused by calcium mediated
presynaptic release of endogenous catecholamine stores rather than by direct interaction
with the adrenergic receptors themselves. Substantiating this theory is a study which
demonstrated that the calcium ionophore A23187 stimulated the release of norepinephrine
from adrenergic neurons at least partly by causing Ca++ mediated exocytosis (Thoa etal.
1974).
It was noted during the experiments that the venom response is unlike the response to
the p-adrenergic agonist isoproterenol. A venom-induced increase in contraction amplitude
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compared with the same increase caused by isoproterenol is not accompanied by as great an
increase in heart rate, indicating that the response may not be mediated by pradrenergic
stimulation alone. Effects of the venom may be a combination of adrenergic stimulation
and an increase in membrane permeability to calcium. The increase in membrane perme
ability appears to be at least partially due to interaction with the L-type voltage dependant
calcium slow channels as evidenced by the experiments with diltiazem. The two effects
combined could create an increase in contraction amplitude greater than that produced by
calcium alone, without producing the large increase in heart rate seen with adrenergic
stimulation alone.

SUMMARY
In summary, we conclude that the venom increases calcium influx across the
sarcolemma at least partly through enhancement of calcium L-type channels, thus
increasing intracellular calcium concentration and causing a positive inotropic effect.
Inhibition of calcium reuptake by the sarcoplasmic reticulum may also contribute to raising
the intracellular calcium concentration. Increasing calcium permeability at the sinoatrial
node should theoretically increase heart rate, but because we were able to block the increase
in heart rate with atenolol a pi-adrenergic effect is indicated. The venom's effect on
contraction amplitude was also attenuated by atenolol, suggesting the venom's effect on the
L-type calcium channels may at least be potentiated by an adrenergic mechanism. In
keeping with the theory of the venom's ability to increase membrane permeability, we
speculate that the adrenergic effect may be due to calcium mediated presynaptic catechol
amine release. The adrenergic effect causes a slight increase in heart rate and contributes to
the positive inotropic effect by enhancing the entry of extracellular calcium; thereby,
creating a greater increase in developed tension than that achieved with calcium alone.
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Figure 1. (a) Dose response of atrial contraction amplitude to venom at bath calcium
concentration 2.5 mM. Venom causes a dose related increase in contraction amplitude (P <
0.001) to 308% of control and was significantly greater than control (P < 0.05) at venom
(b) Dose response of atrial heart rate to calcium with increasing concentration of venom
present at 0.7, 1.4 and 5.7 jig protein/ml. The response without venom present was used
as control. Responses to the venom at calcium concentration 0.5 mM were not
significantly different from each other; however, as contractile responses, the effect of the
venom was accentuated when the tissue bath calcium concentration was between 2.5 mM
and 4.5 mM (P < 0.05) as determined by two-way ANOVA and Duncan’s New Multiple
Range test. Contraction amplitude was diminished at a calcium concentration of 8.5 mM.
N=6
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Figure 2. (a) Dose response of tissue contraction amplitude to calcium with increasing
concentration of venom present at 0, 0.7, 1.4 and 5.7 mg protein/ml. The response
without venom present was used as control. There was no significant response to the
venom at calcium concentration 0.5 mM but the response to calcium with venom present
was greater than control when calcium was greater than 2.5 mM (P<0.05) as determined by
two-way ANOVA and Student’s multiple range test. Boxed data points indicate the
minimum increase to show significant increases over control. N = 6
(b) Dose response of heart rate to calcium without venom, then repeated with venom
present in increasing concentration as above. There was no response to venom at calcium
concentration of 0.5 mM. The response was significantly greater than control between
calcium concentrations of 2.5 to 4.5 mM at the highest dose of venom
(5.4 mg/ml) (P < 0.05). There was no significant difference from control at calcium
concentration of 8.5 mM. N = 6. Statistical difference was determined by two-way
ANOVA and Student’s multiple range test.

17

A
l.On

i

0.8-

I

0.6-

&

§

0.4-

d

0.2-

O

I

m
i

u

id

0.0

200 n

iH
4.5

2.5

0.5

B

II
i!

|

No Venom

B3

0.7

8.5

added venom

□ l-4/^
^ 5.7^g

T

150&

T

100(X
50-

K

I1 f
1 II
m
11
i
1 I
1

T

1

040.5

2.5

4.5

Calcium Concentration (mM)

1i
i
i
i
8

§

%

8.5

I

18

Figure 3. Effect of calcium channel blockade on venom induced increase in contraction
amplitude. Pretreatment of the tissue with either Diltiazem (Dilt; 0.8|iM) or Dantrolene
(Dant; 10 |iM) did not attenuate the contractile effects of the venom, but augmented
contractile force at two concentrations of calcium in the tissue bath (2.5 mM and 6.5 mM).
Asterisks denote a P > 0.05, as determined with Student’s T-test.
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Figure 4. The results of ryanodine binding to isolated rat sarcoplasmic reticulum as a
function of increasing doses of venom. The results show a significant
(P < 0.05, n = 3) increase in ryanodine binding that is related to the dose of venom present.
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Figure 5. (a) Results of blockade of

-adrenergic receptors with atenolol on the increase

in contraction amplitude caused by an ED70 of venom. Results are measured as percent of
control contraction amplitude with control defined as resting contraction amplitude before
treatment. A dose of 1 pM atenolol added to the bath solution prior to ED70 venom,
produced a significant attenuation (P = 0.053, n = 5) in contraction amplitude due to the
venom, but the response was still significantly greater than when no venom was present (P
= 0.054). Increasing the atenolol concentration to 10 pM did not cause any further
attenuation (P = 0.098, n = 3). Significance was determined by T-test.
(b) Results of blockade of pj-adrenergic receptors with atenolol on the increase in heart
rate caused by an ED70 of venom. Atenolol (1 jiM) added to the bath solution prior to
ED70 of venom produced a significant decrease in heart rate (P = 0.006, n = 5) and
increasing the dosage to 10 pM caused a further decrease (P = 0.011, n = 3). Both doses
of Atenolol inhibited the rise in heart rate usually produced by the venom. Significance
was determined as above.
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